Abstract-Quantitative ultrasound has been investigated as a tool for monitoring cervical changes that might result in preterm birth. Backscatter parameters, specifically attenuation and the backscattered power loss (BSPL), appear to be two important parameters. Sources of potential variability such as the angle of the beam interrogating the cervix, the region within the cervix, the number of previous births, and the state of ripening, have not been systematically examined, but could contribute to bias and variance in parameter estimates. Results presented here show that attenuation was affected by angle of interrogation, region in the cervix, parity, and ripened state. BSPL in the nonpregnant cervix was affected only by cervical region.
I. INTRODUCTION
Spontaneous preterm birth affects nearly 13 million babies annually [1, 2] and the rate has stayed nearly constant for a century. [2, 3] A key difficulty lies in the inability to quantitatively sense and track cervical change. To this end, a great deal of work has been put into attempts to quantitatively estimate cervical ripening with a variety of modalities. [4] Ultrasonic characterization has shown promise in quantitatively tracking cervical change, but there are complicating factors. Shear wave speed (SWS) estimates made throughout the cervix have shown that there is a monotonic trend of increasing shear wave speed from distal to proximal end and that SWS varies with ripened state. [5] Earlier research using backscatter parameters demonstrated evidence for anisotropic scattering quantified with the excess backscattered power loss. [6] In addition, ultrasonic attenuation has been shown to decrease with increasing gestational age. [7] However, the effects of the angle of interrogation of the beam, position within the cervix, parity, and ripening of the nonpregnant cervix have not been reported.
Our work has focused on exploring these potential sources of variability and, specifically for this paper, developing new measures for anisotropic scattering. We aimed to resolve the trends of both attenuation and backscattered power loss versus angle of interrogation, cervical region, parity, and degree of ripening. We found that attenuation and a simple measure of backscattered power loss varies with position in the cervix. We also show that attenuation depends on the angle of interrogation, and degree of ripening, but backscattered power loss shows very little change with respect to both parity and degree of ripening.
II. METHODS

A. Tissue Acquisition
Measurements were made on ex vivo hysterectomy specimens collected from premenopausal women undergoing surgery for conditions not related to cervical pathology (n=14), as previously reported. [5] Women experiencing no uterine bleeding were classified as unripened (n=5), women who were experiencing uterine bleeding were classified as selfripened (n=5). Four women were give a 400 μg dose of misoprostol 10-12 hours prior to collection and were classified as the misoprostol-ripened group (n=4). All subjects provided informed consent, and all work was HIPAA compliant and approved by the IRBs at Intermountain Healthcare and the University of Wisconsin.
After the tissue was excised, specimens were placed in saline and came to room temperature. We bivalved the sample and attached it to sound absorbing rubber to prevent acoustic reverberation and to minimize motion. Attachment to the rubber was performed in such a way as to prevent distortion of the tissue. Pinning occurred along the contour of the cervix within the outer serosa.
B. Data Acquisition
Radiofrequency (RF) data was acquired using a Siemens Acuson S2000 ultrasound system (Siemens Healthcare, Ultrasound Business Unit, Mountain View, CA, USA) using an 18L6 linear array transducer operating at a nominal frequency of 10 MHz. The transducer was fastened to a positioning stage and the transducer face was aligned parallel to the endocervical canal. The focus was set to 1 cm, and the sample was centered at the focal depth. The acoustic beams were then steered from -40
• to +40
• in steps of 4
• , collecting an RF frame at each angle using the Axius Direct Ultrasound Research Interface software. [8] Data was then downloaded and processed offline using MATLAB (Mathworks, Natick, MA).
Data acquisition was similarly performed on a reference phantom. No system settings were changed in between scanning the tissue and phantom. Five independent reference frames were acquired for every beam angle and location by translating the transducer perpendicular to the image frame.
C. Attenuation
Attenuation was estimated using the Reference Phantom Method (RPM). [9] The RPM has been shown to provide accurate, system-independent estimates of attenuation with a variety of clinical systems. [10] The RPM relies upon the use of estimated power spectrum (PS) from both the tissue and a reference phantom with similar sound speed to that of the tissue, as shown in Eq. 1.
The size of the PS estimation window, parameter estimation region and the PS estimation method all affect the bias and variance of attenuation estimates. A recent paper suggests using the axial and lateral correlation lengths to determine window sizes based upon the chosen PS estimation method. [11] For echo signals from cervix tissue in this study, an axial correlation length of approximately 200 μm and a lateral scan line separation of 3 scan lines provided uncorrelated data. With these correlation lengths, relying upon the use of the multitaper PSD estimation method, a PS estimation region of 4x4 mm and a parameter estimation region of 8 mm (length) were deemed sufficient for subsequent analysis.
The selection of a bandwidth for attenuation estimation is necessary and was based upon observed power spectrum from our tissue. A significant loss of echo signal power above 10 MHz was found with only 1 cm penetration into cervix samples. This suggests that the attenuation is very high. Using data at least 10dB above the noise floor resulted in a bandwidth from 4 to 9 MHz for subsequent analysis.
D. Back Scattered Power Loss
Excess backscattered power loss (eBSPL) is a measure of the excess power lost of the sample compared to the power loss from a phantom with spherical scatterers [6] and is computed using Eq. 2. Similar to the calculation for attenuation, eBSPL is estimated using PS from both the sample and reference. The same bandwidth (4-9 MHz) and PS estimation regions (4x4 mm) were used.
Having estimated PS at every beam angle and location, the next step is to estimate an eBSPL for every angle. If we normalize the eBSPL of the angled estimates, at a specific location, to the eBSPL of the normal incidence (0 • ) beam estimate, at that same location, we obtain a parameter referred to as the normalized eBSPL (nBSPL)as shown in Eq. 3.
We compute the sum of the power lost from the positive beam steering direction and subtract the sum of the power lost from the negative beam steering direction and refer to it as the anisotropic BSPL (aBSPL), as shown in Eq. 4, to provide a summary measure of backscatter anisotropy.
If, instead of subtracting in Eq. 4, we perform an addition, we can get a parameter related to the total excess power lost (beyond that for system losses) and denote this as the integrated eBSPL (iBSPL), shown in Eq. 5.
E. Parameter Grouping
Parameters estimates were grouped based upon fractional distance from the external os [5] 
III. RESULTS
A. Backscatter Parameters Variability with Canal Position
Shown in Figure 1 are estimates of attenuation versus region in the cervix. The attenuation values decrease on either side of the Mid location. The aBSPL increases from Dist to Mid-Prox along the cervix. iBSPL, which was not shown due to space considerations, has a consistent mean around 4-5 dB. 
B. Attenuation Variability with Angle of Interrogation
The effects of angle of interrogation on attenuation estimates were quantified by subtracting the attenuation estimate with the beam normal to the endocervical canal from the attenuation estimates at each beamsteering angle. This parameter, referred to as attenuation anisotropy, is computed using Eq. 6: Figure 4 shows the average attenuation anisotropy versus steering angle for the Mid and Mid-Prox regions. There is a trend toward increasing attenuation difference progressing from the negative to positive steering angles. Due to this trend, further analysis of attenuation estimates was restricted to the frame of data with beams normal to the endocervical canal (0 • steering). Figure 5 shows the attenuation slope versus parity in the Mid and Mid-Prox regions with no beam steering (at 0
C. Backscatter Parameters Variability with Parity
• ). The nulliparous specimens have lower attenuation than multiparous specimens. As a results, further data analysis was restricted to only multiparous samples. No similar trend was seen in eBSPL parameters. Figures 6 and 7 show the backscatter parameters versus ripening state, again at the mid location for estimates made with the beam perpendicular to the cervix and only with multiparous samples. As was the case with parity, only attenuation seems to show a trend; misoprostol samples have the lowest attenuation and unripened has the highest. 
D. Backscatter Parameters Variability with Ripened State
IV. DISCUSSION
Results reported here show that attenuation and the anisotropy in the eBSPL change along the length of the cervix analogous to changes in SWS [5] which further supports the conjecture of structural changes along the length of the cervix. Attenuation versus steering angle provides further evidence for aligned structures. Further, since aBSPL is mainly an estimate of anisotropy occurring because of scattering from aligned structures, we can make even stronger claims of their existing aligned structures in the human cervix. Previous studies in structurally aligned tissues have shown that attenuation is dependent on the angle between the acoustic beam and structural orientation. [12] [13] [14] [15] Also consistent with SWS measurements, the variance in parameter estimates is lowest in the Mid to Prox regions. This further supports the conjecture that the collagen structure in the cervix is most highly organized in that area.
A model for cervical remodeling that is consistent with current data is that softening of the normal non-pregnant cervix occurs through loss of collagen cross links and increased hydration. Since the collagen fibers remain largely intact, there is no significant change in backscatter properties. As cervical remodeling progresses with pregnancy, the cross links continue to degrade and the cervical hydration continues to increase. Late in pregnancy, near parturition, the collagen fibers break down and become disorganized at which time the acoustic backscatter properties are expected to become more homogeneous and isotropic. This concept is consistent with studies of collagen structure throughout pregnancy. [16] V. CONCLUSION We have shown that attenuation and one measure of eBSPL change along the length of the cervix. Attenuation additionally also varies with the angle of interrogation and parity (data not shown). When these sources of variance are properly accounted for, parameters from backscattered echo signals are sensitive to small changes in cervical ripening status. These results suggest significant potential for monitoring cervical remodeling with quantitative ultrasound techniques.
